Abstract -A metamorphic core complex of latest Oligocene age crops out in the Kazdag mountain range in northwest Turkey. The footwall of the core complex consists of gneiss, amphibolite and marble metamorphosed at 5 ± 1 kbar and 640°± 50°C. The average muscovite and biotite Rb/Sr ages from the gneisses are 19 Ma and 22 Ma, respectively, and imply high temperature metamorphism during latest Oligocene times. The hangingwall is made up of an unmetamorphosed Lower Tertiary oceanic accretionary melange with Upper Cretaceous eclogite lenses. The hangingwall and footwall are separated by an extensional ductile shear zone, two kilometres thick. Mylonites and underlying high-grade metamorphic rocks show a N-trending mineral lineation with the structural fabrics indicating down-dip, top-to-the-north shear sense. The shear zone, the accretionary melange and the highgrade metamorphic rocks are cut by an undeformed granitoid with a 21 Ma Rb/Sr biotite age, analytically indistinguishable from the Rb/Sr biotite ages in the surrounding footwall gneisses. The estimated pressure of the metamorphism, and that of the granitoid emplacement, indicate that the high-grade metamorphic rocks were rapidly exhumed at ~24 Ma from a depth of~14 km to ~7 km by activity along the shear zone. The subsequent exhumation of the metamorphic rocks to the surface occurred during Pliocene-Quaternary times in a transpressive ridge between two overstepping fault segments of the North Anatolian Fault zone. The high-grade metamorphic rocks of the Kazdag range are surrounded by voluminous calc-alkaline volcanic and plutonic rocks of Late Oligocene-Early Miocene age, which formed above the northward-dipping Hellenic subduction zone. The magmatic arc setting of the core complex and stratigraphic evidence for subdued topography in northwest Turkey prior to the onset of extension suggest that the latest Oligocene regional extension was primarily related to the roll-back of the subduction zone rather than to the gravitational collapse.
Introduction
The Aegean region is an area of present-day north-south extension above the Hellenic subduction zone (McKenzie, 1972; Le Pichon & Angelier, 1979) . It is characterized by thin continental crust, high heat flow and widespread and diffuse seismicity (e.g. Berckhemer, 1977) . Estimates for the beginning of extension in the Aegean region range from Late Oligocene (Lister, Banga & Feenstra, 1984; Buick, 1991; Seyitoglu, Scott & Rundle, 1992) to Late Miocene (Le Pichon & Angelier, 1979; Dewey & Şengör, 1979) . On the other hand, Eocene blueschists and eclogites in the Cyclades in the centre of the Aegean Sea (Schliestedt, Altherr & Matthews, 1987; Okrusch & Bröcker, 1990) , and Eocene Barrovian type metamorphic rocks in the Menderes Massif (e.g. Şengör, Satır & Akkök, 1984) (Fig. 1) indicate that during the Middle Eocene the region was characterized by a thick continental crust (>70 km). This is corroborated by widespread Eocene thrusts in the Menderes Massif and in the Taurides farther south (Gutnic et al. 1979; Collins & Robertson, 1998) . There are two main theories for the origin of extension in the Aegean region. One is the gravitational collapse of the high topography created as a result of the Eocene crustal thickening (Berckhemer, 1977; Jolivet et al. 1994; Seyitoglu & Scott, 1996) . A second is the roll-back of the Hellenic subduction zone, creating a back-arc-type extension (Le Pichon & Angelier, 1981; Buick, 1991) . In this study we provide structural, petrological and isotopic data from an extensional metamorphic core complex in northwest Turkey. The interpretation of the data indicates that the core complex formed during latest Oligocene times in the core of a coeval magmatic arc. The extension was top-tothe-north and was related to the roll-back of the Hellenic subduction zone.
Geological setting
In northwest Turkey the deepest sections of the continental crust are exposed in the Kazdag mountain range, which forms a structural and topographic dome of high-grade metamorphic rocks (Schuiling, 1959; Bingöl, 1969; Okay, Siyako & Bürkan, 1991; Pickett & Robertson, 1996; Okay et al. 1996) (Figs 2, 3) . The Kazdag range is elongated in a NE-SW direction and Buick, 1991; Dinter & Royden, 1993; Gautier, Brun & Jolivet, 1993; Hetzel et al. 1995; Lee & Lister, 1992; Sokoutis et al. 1993; Wawrzenitz & Krohe, 1998; Walcott & White, 1998). rises to 1767 metres above sea-level. It forms a topographic anomaly in the northeastern Aegean, where the average elevation is below 500 metres (Fig. 2) . In the east the Kazdag Massif is tectonically overlain by >5 km thick, strongly deformed Permo-Triassic basic volcanic and clastic rocks, whose lower parts show greenschist-facies regional metamorphism. These rocks, grouped under the Karakaya Complex, are in turn unconformably overlain by little-deformed Jurassic-Lower Cretaceous sandstones and limestones (Bingöl, Akyürek & Korkmazer, 1975; Okay, Siyako & Bürkan, 1991; Okay et al. 1996; Leven & Okay, 1996) . In contrast, west of Kazdag an oceanic accretionary melange, Late Cretaceous to Palaeocene in age, lies tectonically over the Kazdag metamorphic rocks through an intervening shear zone (Fig. 3) . The Kazdag Massif, the shear zone and the accretionary melange are intruded by a latest Oligocene pluton (Fig. 4) .
The Kazdag Massif: footwall with latest Oligocene metamorphism
The Kazdag Massif forms a 55 km long and 15 km wide NE-trending structural dome of gneiss, marble, amphibolite and meta-ultramafic rock. The metaultramafic rocks and metagabbro occur in the core of the dome enveloped by a marble-rich sequence, which passes up to felsic gneisses with marble and amphibolite intercalations (Bingöl, 1969; Pickett & Robertson, 1996) . The depositional age of this series is not known owing to the lack of dateable fossils. On lithological, tectonic and metamorphic grounds, the Kazdag Massif is correlated with the Rhodope crystalline complex in northern Greece and Bulgaria (Papanikolaou & Demirtaşlı, 1987) . The western part the Kazdag Massif consists of an intercalation of felsic gneiss, calc-silicate gneiss, amphibolite, marble with minor migmatite and metaserpentinite (Fig. 5 ).
Figure 2. Topography and active faults in northwest Turkey. The contours are at 500, 1000 and 1500 metres. Fault segments ruptured during the earthquakes in this century are hachured. The stars and arrows indicate Global Positioning System (GPS) station localities and displacement vectors, respectively, with respect to a fixed station at Yenice north of the Ganos Fault (Straub & Kahle, 1995) . Biga peninsula south of the Ganos fault is moving southwest at a rate of 2 cm/year. The Kazdag range forms a transpressive ridge in a restraining step-over. Table 3 . Sources of the isotopic data (K/Ar and Rb/Sr) for the magmatic rocks are indicated by the superscripts: 1. Bingöl, Delaloye & Ataman (1982) . 2. Ataman (1975) . 3. Krushensky (1976) . 4. Birkle & Satır (1995) . 5. This study. 6. Ataman (1974) . 7. Borsi et al. (1972) . 8. Ercan et al. (1996) . 9. Anıl et al. (1989) . 10. Fytikas et al. (1976) . 11. Bingöl et al. (1992) . 12. Pe-Piper (1980) . resulting in a structural thickness of more than 5.5 km (Fig. 5 ). In the calc-silicate gneisses, the compositional banding is defined by millimetre-to centimetre-scale bands of alternating hornblende + plagioclase, and diopside + plagioclase + scapolite assemblages. The metamorphic rocks also show a weak mineral stretching lineation defined mainly by quartz and hornblende, which plunges north-northwest (~N33°W) at 36° (Fig. 6b ). Similar N-trending mineral lineations are described from other regions of the Kazdag range (Schuiling, 1959; Bingöl, 1969; Sulzer, 1990) . Rare folds are tight to isoclinal, rootless or with strongly attenuated limbs. The fold axial planes lie in the plane of the foliation and the fold axes parallel the lineation. Brittle structures in the metamorphic rocks include rare EW-trending normal faults with minor throws (<1 m).
Amphibolites and calc-silicates in the Kazdag Massif have equant, granoblastic textures; in contrast, felsic gneisses generally show a mylonitic foliation defined by quartz ribbon formed through the recrystallization of quartz to flattened subgrains. The mylonitic foliation, which is parallel to the compositional banding, increases in intensity towards the top of the metamorphic sequence. Shear sense indicators, mainly shear band cleavage, mica fish, rotated mantled feldspars, rare in the bulk of the Kazdag Massif, are well developed in this part. Out of six oriented thin sections of felsic gneiss sampled from the top 300 m of the metamorphic sequence, four contain down-dip, top-to-the-north shear sense indicators, while microfabrics in two sections are kinematically inconclusive. Without giving any details, Walcott & White (1998) also indicate top-to-the-north shear sense in the Kazdag Massif. Sillimanite prisms and needles, which define a strong lineation even in the topmost part of the metamorphic sequence (Fig. 7b) , indicate that the deformation was taking place during the peak metamorphism.
3.b. Petrology and P-T conditions
The Kazdag Massif is metamorphosed in amphibolite facies with no noticeable change in the metamorphic grade across the area. The mineral assemblage in the felsic gneisses is quartz + plagioclase + biotite + muscovite ± garnet ± sillimanite (Fig. 7a,b) . Garnet in felsic gneisses forms small resorbing grains, which display no zoning. They are essentially almandinespessartine-pyrope solid solutions with minor grossular components (grossular <7 mol.%); a typical composition is grs 5 pyr 10 alm 68 spess 17 . Sillimanite is closely associated with biotite and muscovite, and shows both fibrolitic and prismatic habits (Fig. 7a,b) . Plagioclase is oligoclase to andesine with a restricted compositional range of An [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . The calc-silicate gneisses consist of quartz + plagioclase + diopside + hornblende ± garnet ± epidote ± scapolite. Between different calcsilicate samples, plagioclase shows a wide compositional variation ranging from oligoclase (an 26 ) to anorthite (an 98 ). Calcic amphiboles also show a range of chemical compositions among samples ranging from actinolite through actinolitic hornblende to magnesio-hornblende. Scapolites are rich in meionite component (77-80% meionite), which is typical of scapolites from high amphibolite and granulite facies terrains. Garnets from calc-silicate gneisses are almandine-grossular solid solutions with minor pyrope (<12 mol.%) and spessartine (<5 mol.%) contents. They show compositional zoning involving decreasing Fe/Mg ratio towards the rim at relatively constant or slightly decreasing grossular and spessartine contents. The common mineral assemblage in the amphibolites is plagioclase + hornblende + diopside ± epidote.
Three sillimanite-bearing felsic gneisses and three calc-silicate gneisses were analysed by a Camebax SX-50 electron microprobe to constrain the metamorphic pressures and temperatures. The felsic gneisses were analysed at Bureau de Recherches Geologiques et Minieres in Orleans, France, and the calc-silicate gneisses at the Ruhr-Universitat Bochum, Germany. Operating conditions were 15 kV accelerating voltage, 10 or 15 nA beam current, and 10 µm beam size. The mineral modes and representative mineral compositions are given in Tables 1 and 2 , respectively. The widely used garnet-sillimanite-plagioclase-quartz (GASP) geobarometer yielded pressures of 4 to 6 kbar at a temperature of 640°C for the three sillimanitegneisses using the Koziol & Newton (1988) calibration (Fig. 8) . A similar pressure range of 4.5 to 5.5 kbar at 640°C was obtained from two calc-silicate gneisses using the garnet-plagioclase-clinopyroxene-quartz geobarometer of Newton & Perkins (1982) . Pressure estimates using the THERMOCALC program of Holland & Powell (1990) and the mineral chemical data from the three sillimanite-gneisses range from 4.5±1 kbar to 5.7±1 kbar at a temperature of 640°C. Unlike these relatively precise estimates of the metamorphic pressure, the metamorphic temperatures are less well constrained. The sillimanite + muscovite + quartz assemblage and absence of K-feldspar + sillimanite in the gneisses constrain the metamorphic temperatures between 585 and 690°C at 5 kbar (Fig. 8) . The garnet-biotite geothermometer of Hodges & Spear (1982) gives temperatures of 560 to 615°C for the sillimanite-gneisses and ~650°C for the calc-silicate gneisses. The garnet-clinopyroxene geothermometer of Ellis & Green (1978) yielded temperatures of~650°C for diopside and garnet pairs in the calc-silicate gneisses (Fig. 8) . A reasonable estimate for the peak P-T conditions in the Kazdag Massif are 5±1 kbar and 640°±50°C.
Coeval plutonism and metamorphism, NW Turkey 501 Figure 6 . Lower hemisphere equal-area projections of foliation and lineation from the Kazdag Massif and the Alakeçi shear zone. Contours are at 1, 3, 5, 7, 9, 11 and 13 % per 1 % area.
3.c. Geochronology
Zircon ages from the Kazdag gneisses, determined by single-zircon step-wise Pb-evaporation technique, are mid-Carboniferous (308±16 Ma; Okay et al. 1996) . Similar late Hercynian zircon and monazite ages are reported from the Rhodope Massif in Greece (Dinter et al. 1995; Wawrzenitz & Krohe, 1998) . In the light of these regional tectonic data, the mid-Carboniferous ages from the Kazdag Massif were previously interpreted as the age of Hercynian high-grade metamorphism . In contrast to these late Hercynian ages, Bingöl (1969) Sr ratio. If muscovite and biotite are used in the age calculation, rather than muscovite and whole rock, the Rb/Sr age of the sample 195B comes out to be 20.5±0.4, similar to the muscovite and biotite ages from the other samples. The Rb-Sr system in this sample may also have been incompletely reset during the latest Oligocene metamorphism. In contrast, it is difficult to attach geological meaning to the 14 Ma biotite age from the gneiss, particularly since the Kazdag metamorphic rocks are intruded by the Evciler granitoid, which has a 21 Ma biotite cooling age (see Section 6).
The closure temperatures of muscovite and biotite for Sr are generally considered to be ~500°C and 300°C, respectively (e.g. Jäger, Niggli & Wenk, 1967; Cliff, 1985) , although temperatures as high as 650°C have been suggested for the closure of Sr in muscovite (cf. Villa, 1997) . The average muscovite and biotite Rb/Sr ages from the Kazdag gneisses are ~22 Ma and 19 Ma, respectively. The closeness of the muscovite and biotite Rb/Sr ages suggests rapid cooling (~70°C/m.y.), and assuming a similar cooling rate, indicates that the peak temperatures of 640°C recorded in the metamorphic rocks were reached at 24 Ma. With the Oligocene/Miocene boundary at 23.7 Ma (Berggren et al. 1985) , this is latest Oligocene metamorphism. The muscovite and biotite Rb/Sr ages show a slight pattern of getting older towards the south (cf. Table 3 and Fig. 3) , suggesting that the exhumation started in the south and progressed rapidly northward. Figure 5 . The deduced sense of shear and geographic directions are marked on the photomicrographs. Sections are parallel to the lineation and perpendicular to the foliation (a) Felsic gneiss (5183) with sillimanite (sill), muscovite (mu), biotite (bi), plagioclase (pl) and quartz. (b) High temperature mylonite (5159) from the topmost part of the Kazdag Massif. The mylonite consists of sillimanite (sill), garnet (gt), biotite (bi), plagioclase (pl) and quartz (q). Sillimanite shows both prismatic and fibrolitic habits. The shear sense is given by the δ-type winged plagioclase porphryoclasts (top left), and biotite mica fish. --5  -3  3  Garnet  3  4  3  12  --10  Biotite  17  35  28  --19  19  Muscovite  7  4  6  ---2  Sillimanite  3  3  4  ----Diopside  ---4  23  17  11  Hornblende  ---2  15  11  7  Scapolite  ---5  -12  -Epidote  ----3  --Titanite  --tr  1  1  1  tr  Ilmenite  tr  2  1  ---tr  Magnetite  ---1  3  tr  1 tr, less than 0.5 % 
3.d. Carboniferous or latest Oligocene metamorphic mineral assemblages?
The petrography of the Kazdag metamorphic rocks in the region studied indicates a single high temperature metamorphic event. The age of this amphibolite facies mineral assemblage, whether Carboniferous as indicated by the zircons, or latest Oligocene as shown by the mica Rb/Sr ages, is an important problem. The muscovite Rb/Sr cooling ages from the Kazdag Massif indicate that the temperatures in the metamorphic rocks during the latest Oligocene were above 500°C. The foliation and lineation in the metamorphic rocks are subparallel to those in the Alakeçi shear zone and to the foliation and lineation in the latest Oligocene Evciler granitoid (see Section 6). This suggests that the metamorphic minerals, such as biotite, muscovite, sillimanite and garnet, which define the structural fabric in the Kazdag gneisses, were formed or reoriented during latest Oligocene times. Sillimanite needles aligned to the lineation in the plastically deformed quartz ribbons (Fig. 6b ) indicate that they grew rather than rotated during latest Oligocene times. Hence, the mineral assemblages in the Massif must have formed during this period. This is in contrast to earlier views, which regarded the Kazdag Massif as a Hercynian metamorphic unit (e.g. Schuiling, 1959; Brinkmann, 1976; Okay et al. 1996) . The late Hercynian metamorphic rocks were presumably completely recrystallized during the latest Oligocene with only the zircons retaining a memory of the older metamorphic event.
Alakeçi shear zone
A shear zone of strongly mylonitized gneiss and serpentinite, two kilometres in thickness, occurs between the Kazdag Massif and the accretionary melange in the north (Okay, Siyako & Bürkan, 1991 Holland & Powell (1990) . For the various geothermobarometers see the text. Abbreviations: alm, almandine; bi, biotite; cpx, clinopyroxene; fst, ferrostaurolite; gt, garnet; ksp, K-feldspar; mu, muscovite; plag, plagioclase; q, quartz; sill, sillimanite.
~30° (Fig. 6d) . The foliation, which is deflected around the large serpentinite bodies, is more scattered but shows a general northwestward dip (Fig. 6c) . The protoliths of the mylonites were largely the felsic gneisses of the Kazdag Massif. They consist mainly of very fine-grained (<0.1 mm) quartz, plagioclase, biotite and chlorite, which show a sub-millimetric mylonitic foliation (Fig. 9 ). Quartz locally forms ribbons up to 1 mm long and less than 0.1 mm wide. The porphyroclasts are rare, and include garnet and plagioclase. Amphibolites and marbles form boudins within the felsic mylonites. In the centre of the shear zone the ultramylonites are strongly sericitized. Antigoriteserpentinites occur as lenses, ranging in length from 10 cm to 4 km, in the mylonite; they are probably derived from the metadunites, which are interfolded with the marble and gneiss in the central part of the Kazdag range (Fig. 3) . The protoliths of some mylonites, that contain large plagioclase porphyroclasts in a very fine grained matrix, may have been subvolcanic rocks. Seven oriented samples were collected from the Alakeçi shear zone. Shear sense indicators, mainly rotated mantled feldspars (Fig. 9a) , C'-type shear band cleavage (Fig. 9b) , and mica fish, in four thin sections show down-dip, top-to-the-north shear sense, in two sections top-to-the-south shear sense, and one is inconclusive. The Alakeçi fault constitutes the upper contact of the shear zone. Along the Alakeçi fault, mafic volcanic rocks showing a rough, spaced foliation lie over the mylonite or serpentinite. The dip of the Alakeçi fault is 30°in the west; it increases towards the east as a result of the igneous intrusion and becomes subvertical around the Evciler pluton. The fault plane is not planar but on map view shows NNE-dipping corrugations, a feature observed in many detachment faults (e.g. Dinter & Royden, 1993) . The Alakeçi fault is interpreted as a low-angle detachment, which juxtaposes brittlely deformed upper crustal rocks over the ductilely deformed mid-crustal rocks.
The Bıçkıdere fault forms the contact between the Kazdag Massif and the shear zone. It is characterized by brecciation of the overlying ultramylonites. The most striking difference across the Bıçkıdere fault is reduction in the grain size, from 0.5-1 mm in the gneisses below the fault to less than 0.1 mm above, coupled with a distinct increase in the intensity of lineation. The Bıçkıdere fault dips at 55°to the northwest and is steeper than the regional foliation on either side (Fig. 5) . Minimum and maximum pressures for the mylonites in the shear zone are provided by the estimated depth of emplacement of the Evciler pluton (~3 kbar, see Section 6) and by the P-T conditions of the latest Oligocene regional metamorphism in the Kazdag Massif (~5 kbar). The mineral assemblage in the ultramylonites, quartz + plagioclase + biotite ± garnet, indicates upper greenschist-facies P-T conditions, which is compatible with the thermal stability limit of antigorite (275-500°C: Evans, 1977) in the shear zone. Prior to the inception of the Bıçkıdere fault, there must have been a continuous gradation from the metamorphic rocks of the Kazdag Massif at the base to the ultramylonites at the top of the sequence.
Two lines of evidence indicate that the Alakeçi shear zone is dominantly of extensional origin: (1) it juxtaposes unmetamorphosed shallow crustal rocks in the hangingwall upon mid-crustal high-grade metamorphic rocks in the footwall (Okay, Siyako & Bürkan, 1991) ; (2) kinematic indicators in the shear zone and in the footwall mylonites exhibit predominantly a northdirected down-dip or normal sense of shear relative to the present orientation of the mylonitic foliation. However, the lineation in the mylonites is slightly oblique to the boundaries of the shear zone (Figs 5, 6 ). This observation and the en echelon arrangement of the serpentinite bodies within the shear zone suggest a variable dextral strike-slip component of the down-dip extension. This view is further supported by the clockwise rotation of the azimuth of the lineations from the Kazdag Massif (average N33°W) to the Alakeçi shear zone (N12°E).
The Alakeçi shear zone is sharply truncated in the south by a WNW-trending fault (Fig. 5) . The steep southward dip (~75°) of this Uzunalan fault, as well as the offset along it, indicate that it is a sinistral transtensional strike-slip fault. South of the Uzunalan fault, the Çetmi accretionary melange rests directly on the Kazdag Massif along a brittle fault plane. This fault plane dips ~25°west and is underlain by 150 m thick cataclastic gneiss. It is interpreted as a low-angle normal fault, which has cut out the Alakeçi shear zone. It is probably genetically related to the Bıçkıdere fault, whose steep dip would result in the omission of the shear zone at higher structural levels (cf. crosssection in Fig. 5) .
The throw along the Alakeçi fault can be estimated from the known stratigraphy of northwest Turkey. The Kazdag Massif is tectonically overlain in the east by the various units of the Permo-Triassic Karakaya Complex, with a minimum thickness of~5 km . The Jurassic-Palaeocene sedimentary rocks, which lie unconformably over the Karakaya Complex, attain a thickness of~1.5 km. The accretionary melange would be expected to lie tectonically 
tr, less than 0.5 %; m, phengite; p, paragonite; pyr, pyrite above the Late Cretaceous to Palaeocene carbonates. Thus, a section at least 6.5 km thick is omitted along the Alakeçi fault. The difference between the peak pressure of the regional metamorphism of the footwall gneisses (5±1 kbar) and that of the emplacement of the Evciler granite (2.6±1 kbar, see Section 6) also gives a similar amount of excision on the contact. Most of the strain during the extensional deformation appears to have been localized in the Alakeçi shear zone, however, the weak N-trending mineral lineation throughout the Kazdag Massif shows that some of the strain may also have been distributed through the Kazdag Massif.
Çetmi accretionary melange: hangingwall with eclogite blocks
The Çetmi accretionary melange consists mainly of spilitized mafic volcanic rocks (~45%), various types of limestone (~32%), greywacke-shale (~15%) with minor radiolarian chert and serpentinite, and large tectonic slices of eclogite and eclogitic micaschist (Fig. 5) . A tectonic window of the Kazdag Massif in the Çetmi melange (Fig. 5) indicates that the vertical structural thickness of the melange does not exceed 1.5 km. The rocks in the melange, apart from the eclogites and associated schists, are unmetamorphosed and generally do not show a penetrative foliation. Different lithologies cannot be traced for more than a few hundred metres along strike before they show faulted and sheared contacts; the whole complex has a melange-like character, however, it is difficult to define a single all-encompassing matrix. (Brinkmann et al. 1977; Okay, Siyako & Bürkan, 1991) .
5.a. Eclogite blocks in the Çetmi melange
Two exotic blocks of eclogite and enclosing micaschist, 2-3 km long and less than 1 km wide, occur in the Çetmi accretionary melange (Fig. 5) . The garnetmicaschists form silvery grey, well-foliated, homogeneous rocks with mesoscopic garnet porphyroblasts. The mineral assemblage in the garnet-micaschists is garnet + quartz + phengite + paragonite. The garnetmicaschists comprise 0.2-20 m thick horizons of eclogites, which are variably altered to blueschists. The eclogites are greenish, massive, dense, banded rocks with the mineral assemblage of garnet + omphacite + sodic amphibole + epidote + phengite + rutile ± quartz ( Table 2 ). There is a continuous petrographic range from essentially anhydrous eclogite to a blueschist metabasite with garnet and sodic amphibole but no omphacite. Foliation and greenschist-facies mineralogy have developed in mafic volcanic rocks along a hundreds-of-metres thick contact zone of the eclogite-micaschist bodies. Four eclogite and two eclogitic micaschist samples were analysed with a Camebax SX-50 electron microprobe at the Ruhr-Universität Bochum. Operating conditions were 15 kV accelerating voltage, 10 or 15 nA beam current, and 10 µm beam size. The estimated modes and representative mineral compositions are given in Tables 4 and 5 , respectively. In the eclogites garnet, omphacite and glaucophane make up over 70% of the rock. Garnet forms subidioblastic crystals 2-4 mm in size with quartz, rutile and glaucophane inclusions and is essentially almandine-grossular solid solution with minor pyrope (3-11 mol.%) and spessartine (0-4 mol.%) ( Table 5 , Fig. 10a ). Sodic amphibole occurs as prismatic, lavender blue crystals as large as 4 mm. It has rims and patches of bluish-green barroisite but otherwise is compositionally homogeneous and plots in the glaucophane and crossite fields (Fig. 10c) . Apple-green omphacite crystals as long as 2 mm commonly occur as inclusions in glaucophane as well as in the matrix of the rock. Omphacite contains up to 36 mol.% jadeite and 15-25 mol.% aegirine (Table 5 , Fig. 10b ). Epidote is found as aggregates of grains 0.2 mm in size. Phengite with 3.30-3.45 Si per formula unit (Fig. 10d) is present in only one sample as grains 0.4-1 mm across associated with garnet. Phengite grains show a slight rimward decrease in Si. However, the compositional variation between grains is larger than that introduced by zoning. The greenschist-facies overprint in the eclogite is characterized by barroisite rims around glaucophane, the development of interstitial albite, and the partial replacement of garnet by chlorite.
Garnet-clinopyroxene Fe-Mg geothermometry of Ellis & Green (1979) indicates temperatures of 480±50°C at a pressure of 10 kbar for adjoining omphacite-garnet pairs from the eclogite samples, whereas minimum pressure of 10 kbar can be estimated from the jadeite content of the sodic pyroxene (Holland, 1990) . In terms of its petrology and tectonic setting, the eclogite lens is a typical group C eclogite (Coleman et al. 1965) . Phengites from two eclogite samples were dated using the Rb/Sr method. The Rb/Sr data are shown in Table 3 . Phengites from both samples gave midCretaceous ages of~100 Ma. These isotopic ages are compatible with the age of the Çetmi melange.
The rock types, the melange-type internal structure and the presence of eclogites in the Çetmi melange indicate that it represents a Tethyan oceanic accretionary complex. The eclogites must have been injected into the accretionary prism prior to the terminal continental collision. The Triassic and Cretaceous limestone blocks probably represent fragments of a passive continental margin, which was accreted during the initial stages of collision. The youngest limestone blocks in the Çetmi accretionary melange west of Kazdag are of Turonian-Santonian age. Limestone blocks in the melanges northeast of Gelibolu (Fig. 3) range up to mid-Palaeocene (Montian) in age (Okay & Tansel, 1994) , indicating that subduction-accretion continued up to this period. An upper limit on the subduction-accretion and emplacement of the Çetmi accretionary melange is provided by the little deformed Middle Eocene-Oligocene limestones and clastic rocks, which lie unconformably over older sequences in northwest Turkey (Fig. 3) . The structures in the Çetmi melange must have formed during the Late Cretaceous-Palaeocene oceanic subduction-accretion, Early Eocene continental collision and latest Oligocene-Early Miocene extension. No attempt has been made to analyse and differentiate these structures.
Evciler Pluton: pinning of the shear zone
The Evciler granitoid is an elliptical, calc-alkaline pluton situated north of the Kazdag range (Fig. 3) . It extends northeast-southwest parallel to the trend of the Kazdag dome and the Alakeçi shear zone. Its mineralogical composition ranges from monzodiorite Figure 10 . Garnet, sodic pyroxene, sodic amphibole and phengite compositions from the eclogites in the Çetmi melange. Abbreviations: alm, almandine; adr, andradite; fgl, ferroglaucophane; gln, glaucophane; grs, grossular; mrb, magnesioriebeckite; rbk, riebeckite; sps, spessartine. through quartz-diorite to granodiorite; the latter is the predominant facies constituting over 70% of the pluton (Öngen, 1978 , 1994 Genç, 1998) . The Evciler pluton has intruded the Kazdag Massif, the Alakeçi shear zone and the Çetmi accretionary melange and has folded their contacts (Figs 4, 5) . In the north it has intruded into the Late Oligocene-Middle Miocene andesites, dacites and intercalated lacustrine sedimentary rocks (Fig. 3) . These volcanic rocks are geochemically close to the Evciler pluton and are regarded as its extrusive equivalents (Genç, 1998) .
The Evciler pluton is medium-grained, equigranular and generally undeformed. Pegmatite and aplite veins are frequently observed cross-cutting the foliation in the metamorphic rocks surrounding the pluton. However, near the southern margin of the pluton, there are high temperature shear zones, several metres thick, where the granitoid is foliated and lineated. The foliation and lineation in the granitoid are subparallel to the regional fabric in the adjacent gneisses (Fig. 5) , indicating that the Evciler pluton has been partially effected by the extensional deformation. Along this southern contact the foliation in the metamorphic rocks dips north at ~45°under the granitoid, implying that this is the basal contact of the pluton. Metamorphic rocks along this basal contact do not show any contact metamorphism even as near as one metre to the granitoid, indicating that they were at elevated temperatures during the intrusion of the granitoid. In contrast, the limestones in the Çetmi melange are contact metamorphosed into marbles along the northwestern granitoid contact. These observations and the presence of the extrusive equivalents of the granitoid in the north suggest that the Evciler pluton is tilted northwest at ~45°. The pressure of emplacement of the Evciler granitoid, estimated by the Al-inhornblende geobarometer of Hollister et al. (1987) and Schmidt (1992) , is 2.6±1 kbar (S. Öngen, unpub. Ph.D. thesis, Univ. Nancy, 1992; T. Ghassap, unpub. Diploma thesis, Univ. Tübingen, 1994) corresponding to a depth of emplacement of~7 km. Although there are rare and narrow shear zones within the Evciler pluton, most of the pluton is undeformed and cross-cuts the foliation and lineation in the Kazdag Massif. It thereby provides an upper age constraint for the ductile exhumation of the metamorphic rocks along the Alakeçi shear zone. Two samples from the Evciler granodiorite were dated using the Rb/Sr method. Sample 5112 is a clinopyroxene-and biotitebearing diorite collected close to the contact with the Alakeçi shear zone (Fig. 5) . Sample 5152 collected eight kilometres east of this contact is a biotite-and hornblende-bearing granodiorite. Both samples gave biotite cooling ages of~21 Ma (Table 3) , essentially identical to the 18-20 Ma biotite Rb/Sr ages from the Kazdag Massif. Assuming a fast cooling rate, as inferred in the metamorphic rocks, and considering the intrusive nature of the Evciler pluton, the age of intrusion is most likely ~24 Ma, indistinguishable from the age of the high temperature metamorphism. Birkle & Satır (1995) also report a 25±0.3 Ma biotite Rb/Sr age from the Evciler granitoid. This age comes from a sample from the northeastern part of the Evciler pluton and may represent a different sub-intrusion. The isotopic and geobarometric data indicate that the Evciler granodiorite intruded the metamorphic rocks of the Kazdag Massif during the latest Oligocene at a depth of~7 km, shortly after the peak deformation and metamorphism. The Evciler pluton is similar to the 17 Ma old late kinematic granodiorite in Tinos in the Cyclades, which also intrudes the lower and upper plates as well as the detachment fault (Avigad & Garfunkel, 1991; Jolivet & Patriat, 1999) .
Neogene sedimentary and volcanic rocks
Terrigeneous red, coarse clastic rocks up to 200 m thick, with abundant volcanic clasts, lie unconformably over the Çetmi accretionary melange. These pass up into Neogene andesitic lavas and tuffs, over several hundred metres in thickness. The volcanic rocks are overlain unconformably by a sequence of shale, siltstone and tuff, 600 m thick, interpreted as a lacustrine turbidite sequence (Siyako, Bürkan & Okay, 1989) . Spores from the shales give an Early to Mid-Miocene age to the lacustrine series (İnci, 1984) . Small coal-bearing terrigeneous basins, associated with volcanic rocks, also occur north of Kazdag. Palynomorph assemblages from coal horizons in the Çan Neogene basin north of Kazdag give an age range of Late Burdigalian-Early Serravallian (20-15 Ma: Ediger, 1990 ). The Miocene volcanic and sedimentary rocks are unconformably overlain by fluviatile coarse clastics, which fill the Bayramiç basin northwest of Kazdag. Similar clastic rocks, 1250 m in thickness, have been encountered in the Edremit-1 petroleum well in the Edremit bay (Siyako, Bürkan & Okay, 1989) (Fig. 3) . Their age is regarded as Pliocene-Quaternary.
7.a. Origin of Neogene magmatism in northwest Turkey
Neogene calc-alkaline volcanic rocks are widespread in northwest Turkey (Fig. 3) . They range from andesite, trachyandesite to dacite and occur as lava flows, lahars and ignimbrites, as well as widespread tuffs (e.g. Yılmaz, 1990; Karacık & Yılmaz, 1998) . The K/Ar ages of the volcanic rocks from around the Kazdag Massif range from 23 Ma to 17 Ma (Fig. 3 ) and are coeval with the Evciler pluton and with the regional metamorphism in the Kazdag Massif. The K/Ar and Rb/Sr ages of several granitoidic calc-alkaline plutons in northwest Turkey are also tightly clustered between 25 and 20 Ma.
The geochemistry of the Early Miocene magmatic rocks in the northern Aegean are similar to the arc-type magmas, and many workers have related their formation to the subduction of the oceanic lithosphere (e.g. Borsi et al. 1972; Fytikas et al. 1976; Pe-Piper & Piper, 1989) . This view is supported by tomographic profiles, which show the presence of an aseismic subducting slab in the northern Aegean at a depth of up to 800 km (Spakman, Wortel & Vlaar, 1988) . The length of the subducted slab indicates a minimum age of 26 Ma for the initiation of subduction (Spakman, Wortel & Vlaar, 1988; Meulenkamp et al. 1988) . This is earlier than ~13 Ma suggested by Le Pichon & Angelier (1979) , but fits well with the age and arc-type geochemistry of the magmatic rocks in the northern Aegean. Two objections to this interpretation have been the large distance between the present Hellenic subduction zone and the Early Miocene magmatic rocks in northwest Turkey, and the circular outcrop of the magmatic rocks (Genç, 1998) (Fig. 1) . In modern subduction zones the distance between the trench axis and the magmatic arc is 150-200 km (e.g. Windley, 1986, p. 251 ) much less than the 600 km distance between the Hellenic trench and the Biga peninsula. However, the average amount of extension β across this distance has been 1.5 in the last 13 Ma (Le Pichon & Angelier, 1981) , and probably considerably greater since 25 Ma, so that the present day 600 km distance does not represent the arc-trench gap during Early Miocene times.
Modern magmatic arcs form linear belts 50-100 km wide (Windley, 1986, p. 255) , quite different than the 250 km by 250 km circular outcrop pattern of the northwest Turkish calc-alkaline province (Fig. 1) . However, recent isotopic dating has shown that the volcanic rocks in the northern Biga peninsula and on the island of İmroz (Fig. 3) are Oligocene (37 to 28 Ma) rather than Early Miocene in age (Ercan et al. 1996) , similar to those in the northeastern Greece (35 to 29 Ma: Eleftheriadis & Lippolt, 1984) . The southward younging of magmatic rocks can be explained by the roll-back of the subduction zone during the late Oligocene and Early Miocene. In this view, the Kazdag as well as the Rhodope crystalline complex were located in the core of an Andean-type magmatic arc during the Early Miocene. The magmatic arc setting of the Kazdag Massif provides an explanation for the Miocene regional metamorphism of Carboniferous high-grade metamorphic rocks. The complete recrystallization of dry metamorphic rocks requires large influx of fluids, which could have been derived from the subducting slab during the latest Oligocene-Early Miocene.
Exhumation of the Kazdag Massif
The Kazdag Massif underwent high temperature regional metamorphism during the latest Oligocene (~24 Ma) at a depth of~14 km. Extensional deformation was synchronous with the regional metamorphism and resulted in the exhumation of the metamorphic rocks from ~14 km to ~7 km along a northwarddipping ductile shear zone. The activity along the shear zone was terminated by the intrusion of a latest Oligocene granitoidic pluton, whose age is analytically indistinguishable from that of the high temperature metamorphism. These temporal and spatial relations indicate very rapid exhumation rates,~7 mm/yr, which are corroborated by the closely spaced Rb/Sr muscovite and biotite ages. The apparent lack of low-pressure andalusite-bearing mineral assemblages in the Kazdag metamorphic rocks implies that the rate of exhumation was faster than the rate of equilibration in the rocks. The intrusion of the granitoid terminated the activity of the shear zone, possibly by introducing new volume to the system and thereby absorbing extension (e.g. Parsons & Thompson, 1991) . The subsequent exhumation of the Kazdag Massif to the surface must have occurred along different faults and possibly by a different mechanism.
The Lower-Middle Miocene clastic rocks immediately south and north of Kazdag are fine-grained lacustrine turbidites with no detritus derived from the Kazdag Massif. During this period the Kazdag range must have been a low-lying area, possibly covered by a large lake. Gneiss clasts are first encountered in the fluviatile Pliocene-Quaternary conglomerates and sandstones of the Bayramiç area (Siyako, Bürkan & Okay, 1989) . These data suggest that the exhumation of the Kazdag Massif was a discontinuous, two-stage process. Exhumation in the ductile part of the crust occurred in latest Oligocene times, and in the brittle crust during the Pliocene and Quaternary. The latter period corresponds the activity of the North Anatolian Fault, a major transform fault constituting the boundary between the Eurasian and Anatolian plates (e.g. Şengör, 1979) . A major branch of the North Anatolian Fault strikes through the centre of the Biga Peninsula (Barka & Kadinsky-Cade, 1988; Siyako, Bürkan & Okay, 1989) . This Biga fault zone consists of NE-trending anastomosing dextral strikeslip segments (Fig. 2) . The fault segment between Gönen and Yenice was ruptured during a major earthquake (M S 7.2) on 18 January 1953 with up to 4 m of dextral displacement (Ketin & Roesli, 1953) . The Kazdag range is situated between two overstepping active fault segments (Fig. 2) . Dextral strike-slip along these faults is producing compression and uplift in the area in between. The Güre fault in the south forms the contact between the Kazdag Massif and an east-west elongated granitoid (Figs 2, 3) . Off-shore faults subparallel to the Güre fault control the northern rectilinear margin of the Edremit Bay. Apart from the morphology, the presence of these off-shore faults is inferred from the results of the Edremit-1 petroleum well (Fig. 3) . The well, drilled in the eastern part of the bay, has cut through 1250 m thick coarse Quaternary to Pliocene clastic rocks overlying Miocene tuffs and volcanic rocks, over 1350 m in thickness (Siyako, Bürkan & Okay, 1989) . The well data coupled with the present high topography of the Kazdag range indicate a minimum 4.3 km post-Miocene vertical offset along the faults south of Kazdag. The present anomalously high topography of the Kazdag range, as well as its Late Pliocene to Quaternary exhumation, are related to its tectonic setting as a transpressive ridge in a restraining step-over. An implication of this model is that the region of the latest Oligocene metamorphism is larger than suggested by its present outcrop; latest Oligocene metamorphic rocks probably underlie most of the region of the Oligo-Miocene magmatism in northwest Turkey.
Discussion and conclusions
The Kazdag range in northwestern Turkey is an extensional metamorphic core complex of latest Oligocene age. Rocks in the footwall of the core complex consist of gneiss, marble and amphibolite metamorphosed during the latest Oligocene at 640±50°C and 5±1 kbar. The hangingwall is made up of an Early Tertiary accretionary melange with exotic Upper Cretaceous eclogite blocks. The two are separated by a ductile shear zone of ultramylonite, two kilometres thick (Fig. 4) . Both the high-grade metamorphic rocks and the mylonites show a N-trending lineation with a top-to-the north shear sense.
The Aegean region is known to have undergone significant but locally variable rotations since the Early Miocene (e.g. Kissel & Laj, 1988) . Nevertheless, palaeomagnetic data from the Lower Miocene calcalkaline lava flows in the Biga peninsula and in Lesbos show no significant rotations (Kissel et al. 1987) . Hence, the N-trending lineations in the Kazdag can be accepted as representing the direction of the latest Oligocene-Early Miocene extension. This direction is at variance with the model of Jolivet et al. (1994) , who describe the extension in the Aegean region during the last 25 m.y. by rotation along two poles located at either ends of the Hellenic arc. This model predicts NE-(N64°E) trending rather than the observed N-(N12°E) trending stretching lineations in the Biga Peninsula. Furthermore, recent palaeomagnetic data from the Cyclades have indicated that the NE-trending lineations from Evvia to Mykonos (Fig. 1) , are a result of post-Late Miocene clockwise rotations (Morris & Anderson, 1996; Avigad, Baer & Heimann, 1998) . When reconstructed the original stretching directions in the central Aegean become more northerly similar to those observed in the Kazdag region.
The exhumation of the Kazdag Massif was a twostage process. Exhumation from a depth of~14 km tõ 7 km occurred at ~24 Ma along a ductile shear zone. Activity along the shear zone was terminated by the intrusion of a latest Oligocene (~24 Ma) granitoid. Subsequent exhumation to the surface occurred during the Pliocene-Quaternary (after 5 Ma) along brittle faults of the North Anatolian Fault system. The anomalously high topography of the Kazdag range is related to its ongoing uplift as a compressive ridge between two overstepping dextral strike-slip faults of the North Anatolian Fault zone.
Gravitational or orogenic collapse, which involves downhill transport from regions of high topography to regions of low topography (Dewey, 1988) has been suggested as a mechanism driving the extension in the Aegean (Berckhemer, 1977; Seyitoglu & Scott, 1996) . The alternate hypothesis is extension by the retreat or rollback of the subducting plate (Dewey, 1980) . The former hypothesis requires high topography prior to the inception of extension. The widespread blueschists and eclogites in the central Aegean have been cited as evidence for a thick, and consequently topographically high, continental crust prior to the onset of extension. However, in northwest Turkey there is no evidence for a high topography during the Eocene and Oligocene. Rocks of this age are preserved in the northern Biga and Gelibolu peninsulas as well as in the Thrace basin (Figs 1, 3) and are predominantly marine. The flora in the Early Miocene continental sediments in northwest Turkey indicates a sub-tropical climate (e.g. Mädler & Steffens, 1979; Ediger, 1990) unlikely for high altitutes. Ironically, in the Biga Peninsula, eclogites occur in the hangingwall rather than in the footwall of the core complex, and their Late Cretaceous ages indicate that they were exhumed prior to the latest Oligocene extension. In northwest Turkey the continental crust is at present ~35 km thick (Makris, 1977; Le Pichon & Angelier, 1981) . It could be argued that metamorphic rocks in the Kazdag range, formed at a depth of 14 km during the latest Oligocene, imply a Late Oligocene crustal thickness of~50 km. However, during the Early Miocene there was a net magmatic addition to the continental crust of northwest Turkey in terms of voluminous calc-alkaline volcanic and plutonic rocks. The Nd and Sr initial ratios of these magmatic rocks indicate a major mantle-derived component (Birkle & Satır, 1995) . Hence, the crustal thickness before the onset of extension in northwest Turkey was most probably not too different from the present, as suggested by the stratigraphic and paleontological data. This implies that gravitational collapse has not been the main driving mechanism for extension in the Kazdag core complex.
In northwest Turkey the age of the voluminous calcalkaline volcanic and plutonic rocks overlaps with the latest Oligocene high-temperature metamorphism (Fig. 11) , implying that mantle-driven magmatism rather than relaxing geotherms in a thickened crust are the heat source of the metamorphism. Geochemical and seismic tomographic data indicate that these magmatic rocks form part of a Late Oligocene-Early Miocene magmatic arc above the Hellenic subduction zone. The Kazdag Massif and the Rhodope metamor-phic complex, which exhibit similar magmatic and metamorphic histories (Dinter et al. 1995; Wawrzenitz & Krohe, 1998) , were located in the core of this magmatic arc. The latest Oligocene extension in northwest Turkey could therefore be initiated by the subduction roll-back of the Hellenic trench. Further support for this view comes from the core complexes in the central Aegean (e.g. Buick, 1991; Lee & Lister, 1992; Gautier, Brun & Jolivet, 1993) . The Cycladic core complexes, especially that on Naxos, are similar in many aspects to the Kazdag core complex. The major difference between the two is in the timing of events (Fig. 11) . The high temperature metamorphism, related extensional deformation and late kinematic plutonism are Mid-to Late Miocene (16-10 Ma) in the Naxos (Altherr et al. 1982; Schliestedt, Altherr & Matthews, 1987; Wijbrans & McDougall, 1988; Andriessen, 1991) and latest Oligocene-Early Miocene in the Kazdag and Rhodope core complexes. The southward progression of the extensional deformation and metamorphism in the Aegean are most probably related to the southward migration of the magmatic arc. Jolivet et al. (1998) observe a similar pattern of migration of extension and arc magmatism in the Tyrrhenian Sea and compare it with the case in the Aegean, and suggest that both are related to the slab roll-back.
According to the isotopic age data the subductionrelated magmatism started in the Biga Peninsula bỹ 30 Ma (Fig. 3) . The heat pulse associated with this magmatism must have thermally softened the crust and localized the extension, as has been inferred in many other core complexes (e.g. Armstrong & Ward, 1991; . The magmatic arc must have also provided the heat and the fluids necessary for the latest Oligocene metamorphism. A close spatial and temporal link between core-complex formation and magmatic activity exists in many other regions, including in the Basin and Range province (e.g. Gans, Mahood & Schermer, 1989; Armstrong & Ward, 1991) , in the Solomon Sea, Papua New Guinea and in the northern Tyrrhenian Sea (Jolivet et al. 1998) .
Compressional (Yılmaz, 1990) and extensional tectonic settings have been suggested for the Late Oligocene-Early Miocene calc-alkaline magmatism in northwestern Turkey. Data from the Kazdag Massif indicate unambiguously that the magmatism occurred in a north-south extending crust. The extension might have contributed to the solution of the space problem posed by the Late Oligocene-Early Miocene intrusions in the Biga peninsula (Fig. 3) . Figure 11 . Oligocene-Miocene plutonic, volcanic and metamorphic events in the Biga peninsula and in the Cyclades. The Naxos data is from Altherr et al. (1982) ; Schliestedt, Altherr & Matthews (1987) ; Wijbrans & McDougall (1988) ; Buick (1991) ; Gautier, Brun & Jolivet (1993) . Note the southward progression of magmatism and metamorphism possibly following a southward migrating magmatic arc. The apparent absence of volcanism in the Cyclades may be due to subsequent erosion.
